TCAD simulations of a p-Si/Al 2 O 3 /Al structured solar cell are done to improve the understanding of parameters important for tunneling contact passivation. High efficiencies are achieved for oxide thicknesses below 1.4 nm and for an oxide interface charge concentration of -1 10 13 cm -3
Introduction
Tunneling layers have traditionally been used in metal-insulator-semiconductor solar cells for inversion layer emitters. There has recently been an increase in interest in the use of tunneling layers for contact passivation in single junction Si solar cells. Tunneling contact passivation using Al 2 O 3 [1, 2] and SiO 2 [3] has been shown to give high efficiencies. Al 2 O 3 has negative interface charges that are particularly suited to passivate the back side of p-type Si solar cells. The negative charges reduce surface recombination by repelling electrons. The negative charges also cause a buildup of holes on the Si/Al 2 O 3 interface, increasing the probability of tunneling through the Al 2 O 3 layer, and it is therefore an excellent material for tunneling contact passivation.
There is a need for understanding material parameters that affect tunneling, such as the oxide thickness, band alignment, the effective mass and the dielectric constant. This study aims to give an insight into these parameters through simulations of a p-Si/Al 2 O 3 /Al system using the TCAD software Silvaco Atlas [4] . Though the focus is on Al 2 O 3 , these parameter variations can also be used when considering other tunneling layer materials.
Methodology

Tunneling theory
For direct quantum tunneling, a model introduced by Price and Radcliffe [5] For known effective masses of silicon and a constant temperature, the product outside the integration sign is a constant. The tunneling current is therefore controlled by the energy of the charge carriers, the quasi fermi levels and the transmission coefficient. The latter, which is the ratio between the outgoing and incoming flux, is found using the transfer matrix method to solve the Schrödinger equation. Here, the energy barrier height, the tunneling effective mass and the oxide thickness are important parameters.
Simulation parameters
The simulated structure is a solar cell as shown in Fig. 1 . To simulate tunneling contact passivation a thin layer of Al 2 O 3 is placed between the bulk Si and the Al back contacts. This layer is sufficiently thin to allow tunneling, and charges are added to simulate the negative interface charges found in Al 2 O 3 . To account for the chemical passivation provided by Al 2 O 3 , a surface recombination velocity of 100 cm/s is added to the Si/Al 2 O 3 interface [6] . A set of physical models is used to solve the current continuity equations. Klaasen's models for Shockley-Read-Hall recombination, Auger recombination, mobility and band gap narrowing were used as they take into account carrier concentration and temperature effects over a wide range of conditions. In addition, field dependent mobility and Fermi-Dirac statistics were activated. A solar spectrum of AM1.5G was used to illuminate the sample. The conduction mechanism in the simulated structure is hole tunneling from the valence band of the base Si, through the Al 2 O 3 layer, and into the metal contact. The effective mass of the dielectric holes has been found to be 6.3m 0 [7] , where m 0 is the free electron rest mass, which gives a low tunneling probability. Instead, an effective mass of 0.4m 0 is used. This is supported by experiments to determine the effective mass in SiO 2 . Whereas the bulk effective mass is 3-10m 0 for this material, an effective mass of 0.33 m 0 has been found for tunnel-thin layers [8] . The effective mass is input as a parameter in Atlas and used in the calculations based on Eq. 2.
A default work function m = 4.99 eV has been used for Al, which corresponds to flatband conditions in the Si valence band with no Al 2 O 3 fixed interface charges, representing an ideal metal-oxide-semiconductor MOS system. This differs from the often cited work function for Al of 4.28 eV, and though fermi level pinning will affect the work function, 4.99 eV is still likely an overestimation. The work function difference of p-type Si and Al through a thin oxide has been found to approach 0.5 eV [9] and 0.6 eV [10] with decreasing oxide thickness. However, in this range of work functions the simulation solutions were not converging, so only the work functions of 4.28 eV and 4.99 eV are compared.
The band gap E g of Al 2 O 3 also changes with oxide thickness. Bulk Al 2 O 3 has a band gap of about 8.8 eV in the crystalline phase. For amorphous Al 2 O 3 deposited by atomic layer deposition, 6.4 eV is reported [6] , and this has been used where not stated otherwise.
Results and discussion
For the tunneling layer thickness simulations, shown in Fig. 2 (left) , the short circuit current Jsc and open circuit voltage Voc changes only slightly, which means the best parameter to characterize the IV performance is the fill factor. There is a clear increase in the Jsc from the reference cell without a tunneling layer (0 nm) to the best tunneling layer cells, because of the field effect passivation by the oxide charges. Layer thicknesses up to 1.4 nm give excellent results, but the fill factor drops sharply for thicker layers. As these simulations are based on ideal tunneling models, it is a possibility that thicker tunneling layers can be better conductors when trap assisted tunneling occurs. Fowler-Nordheim tunneling is neither included in this model as it has no impact on the short circuit current, but it could affect the current at higher voltages. A large variation in oxide charges is reported in literature, varying from -2 10 11 cm -3 to -1.3 10 13 cm -3 [11] . Fig. 3 shows the effect on fill factor of varying the charges from 1 10 11 cm -3 to -5 10 13 cm -3 . The interface charges and the work function both affect the energy level of the valence band. Interface charges cause hole accumulation at the p-Si/Al 2 O 3 interface, increasing the level of the p-Si valence band, and the metal work function changes the valence band energy of the metal. These affect both quasi fermi levels in Eq. 2, giving an increased tunneling current for large hole accumulations and low work functions.
The magnitude of the effect caused by the charges depends on the other band energy parameters such as the work function and oxide band gap. In Fig. 4 , the fill factor as a function of the oxide charges and band gap is shown for a metal work function of 4.99 eV. Both of these parameters are important for a good fill factor. For a high interface charge concentration the influence of the band gap is reduced and vice versa, however, the charge concentration is more easily controlled than the band gap. A difference in the band gap of Al 2 O 3 has been found for different deposition methods [12] , with variations from 6.2 eV to 7.0 eV found in literature [13] . Annealing is done after atomic layer deposition to activate the interface charges, but this has also been shown to increase the oxide band gap [14] . It is therefore a trade-off that is more important for films with a low interface charge concentration. 5 shows that for lower metal work functions, it is important that the concentration of oxide interface charges is high. Fig. 6 shows that this is much less important for a higher work function, though this is an above ideal case. For a work function of 4.99 eV there is a large change in the fill factor from -5 10 12 cm -3 to -1 10 13 cm -3 , larger than the change from -1 10 13 cm -3 to -5 10 13 cm -3 . As 4.99 eV is likely also an above ideal situation, a requirement for a good passivation at an oxide thickness of 1 nm is to have at least -1 10 13 cm -3 charges. As shown in Fig. 7 , as the effective mass increases, the fill factor and therefore the tunneling current decreases. Studies on the hole effective mass in thin Al 2 O 3 are needed to understand the influence of the effective mass more thoroughly. As for the interface charges and band gap it is dependent on the work function of the metal. There is also a decrease in the fill factor for larger dielectric constants. The values plotted in Fig. 8 correspond to approximate dielectric constants r for Al 2 O 3 /SiO 2 thin film ( r = 7.7 [15] ), Al 2 O 3 ( r 9) and the high-dielectric HfO 2 ( r 25). As seen for the m = 4.28 eV simulation, a lower dielectric constant is preferable, but it is not critical for sufficient tunneling as long as an optimal combination of work function and interface charge concentration exists. The transfer matrix tunneling model used does not account for image force potentials, and is therefore possibly less dependent on the dielectric constant of the oxide. Fig. 7 . The effect of changes in the effective mass on the fill factor. Oxide interface charge concentration is 1 10 13 cm -3 , and the oxide thickness is 1 nm. Fig. 8 . The effect of changes in the dielectric constant on the fill factor. Oxide interface charge concentration is 1 10 13 cm -3 , and the oxide thickness is 1 nm.
Conclusion
This study looked at parameters important for tunneling in the p-Si/Al 2 O 3 /Al system. Oxide thicknesses below 1.4 nm and negative interface charge concentrations larger than 1 10 13 cm -3 are required for large tunneling currents and highly efficient solar cells. The effective mass, band gap and dielectric constant all affect the tunneling current, but are less important for high concentrations of interface charges and flat band conditions. There is still an uncertainty in the exact values of all these parameters as they vary with thickness and deposition method.
